With rising numbers of fully sequenced genomes the importance of comparative genomics is constantly increasing. Although several software systems for genome comparison analyses do exist, their functionality and flexibility is still limited, compared to the manifold possible applications. Therefore, we developed Genlight, a Client/Server based program suite for large scale sequence analysis and comparative genomics. Genlight uses the object relational database system PostgreSQL together with a state of the art data representation and a distributed execution approach for large scale analysis tasks. The system includes a wide variety of comparison and sequence manipulation methods and supports the management of nucleotide sequences as well as protein sequences. The comparison methods are complemented by a large variety of visualization methods for the assessment of the generated results. In order to demonstrate the suitability of the system for the treatment of biological questions, Genlight was used to identify potential drug and vaccine targets of the pathogen Helicobacter pylori.
Introduction
A major key for the discovery of molecular mechanisms necessary for the machinery of an organism is the field of comparative genomics [1, 2] . Moreover, genome comparison is an excellent method for target finding in the drug discovery process [3] . By April 2004 142 bacterial, 18 archaeal, and 26 eukaryal genomes were completed and not less than 490 prokaryotic and 415 eukaryotic genome sequencing projects are underway (Genomes OnLine Database) [4] .
With increasing numbers of complete genome sequences, tasks are shifting from single gene to complete genome or proteome analyses, and many new questions regarding similarities and differences between the sequenced organisms arise in multiple genome comparison approaches. One of these new, challenging questions is the differentiation between species specific and common genes [5, 6] . This is one of the fundamental questions in the target-based approach, for example in the development of either narrow-spectrum or broad-spectrum antibiotics. Differential comparative genomics, especially in combination with motif analyses, has proven to be a powerful approach for the screening of new drug targets [7] . However, the number and flexibility of systems in the field, suited for this approach, is limited. Although the integration of various bioinformatics methods and automated sequence homology searches are widely used techniques in genome annotation systems, such as Magpie [8, 9] , PEDANT [10] , and GenDB [11] , only three systems exist, that support automated differential genome analyses: FindTarget [12] , Difftool [13] , and Seebugs [14] . All three systems are very limited in the available comparison methods.
In this article we present Genlight, a versatile and powerful software system to address a wide spectrum of tasks in genome scale sequence analysis, with a special focus on differential comparative genome analysis. The system is designed for (i) the discovery of potential new drug targets by comparative genome analysis, (ii) automatic genomic scale analyses in reasonable time, without the need for specialized hardware or large and expensive cluster systems, (iii) the integration of various bioinformatics analysis methods, whose results are stored in a structured, reusable, and queryable way, and (iv) dynamic result presentation and visualization through an easy to use, but still flexible interface. The Genlight system is multi-user capable, suited for high-throughput analysis of biomolecular data, and connects the advantages of an object relational database management system with a distributed client/server approach for large scale compute tasks and a powerful web interface. Besides the concepts of Genlight and its architecture, we present an exemplary scientific application of the Genlight system.
System architecture and functionality

System architecture
The Genlight system consists of four major parts as shown in Figure 1 : (i) a web-based user interface for the communication with the system, (ii) the Genlight server, (iii) client components to carry out various bioinformatics analysis tasks in an asynchronous way, and (iv) a database component for storing, modifying, and accessing data. The underlying relational database system allows easy access to the generated data, even from external applications using standard SQL queries.
The structured storage and reusability of generated results is a critical point for the protocol based step by step modeling of more complex experiments/workflows [15] . In Genlight the re-use of derived results is a central concept. It is achieved with a set oriented data model with only two basic data structures: seq-sets and hit-sets. A seq-set is a collection of sequences of one type, either nucleic acid or protein. A hit-set is a set of sequence pairs, defined by a comparison operation between two seq-sets and its parameterization, e.g. the set of all sequence pairs detected by a homology search between two seq-sets. seq-sets and extraction operations convert a hit-set to a new seq-set depending on specified criteria (see Table 1 ). This procedure follows the software engineering concept of compositionality and allows an interactive step by step modeling of complex workflows as schematically drafted in Figure 2 . With Genlight it is therefore possible to compare two, three or even more genomes to each other. Using a combination of filters and extraction operations three proteomes, for instance proteomes A, B, and C, can be easily screened for proteins common to the proteomes A and B but nonexistent in proteome C. A project management, providing fundamental access control features, allows to store seqsets and hit-sets on a per-user basis. Frequently used seq-sets and hit-sets, like the GenBank database, the SpTrembl database, model organism comparisons, etc., can be made available system-wide. The administrative features are complemented by a quota system, which allows to assign resources on a per-user and per-method basis. It is therefore possible to restrict the number of seq-sets and hit-sets in a project or to limit the size of a seq-set in a comparison operation. Evidence for motif occurrence can be defined by user/method specified cutoffs (Evalue, Alignment Score, percent-identity, etc.).
SCOP filter
All sequences with user defined similarity to the structural classification of proteins (SCOP) classification hierarchy. Selection of sequences can be based on similarity to class, fold, superfamily, or family.
taxonomy based filter All sequences that belong to a given taxon (if taxonomy information is available).
filter by length All sequences that satisfy a sequence length constraint.
homology based filtering
All sequences that have at least one homolog / no homolog in one or more user defined sequence sets. Evidence for homology can be determined by different sequence comparison methods.
hit-set filters filter by attribute values
All pairs satisfying the filter conditions. Stored attributes of a hit set entry are the alignment score, the bit score, the E-value, percent-identity, percent-positive, coverage rate, etc.) Filter condition can be a Boolean expression combining different attribute values.
best hit filter Selects the best hit from a hit-set depending on method specific rankings.
bidirectional best hit filter Selects bidirectional best (two way best) hit pairs depending on method specific rankings.
text pattern filter Selects all pairs that contain a given pattern (exact or regular expression) in the query/hit annotations.
full length filters Select all pairs with an aligned region length equal to the length of the query or hit sequence.
extraction operations (convert a hit-set to a sequence-set)
extract sequences with homologs
Generates a new sequence-set containing sequences that have a homolog in one or multiple hit-sets.
extract sequences with NO homologs
Generates a new sequence-set containing sequences that have no homolog in one or multiple hit-sets. The interactive character of Genlight and its need to store calculated data on demand requires more complexity in the implementation of the data model than it is the case in systems with pre-calculated, static data. Genlight uses the ORDBMS PostgreSQL for data storage and access, and makes use of its object oriented features. Seq-sets and hit-sets are stored in database tables, reflecting the method-specific attributes. Seq-sets or hit-sets, generated by import or through the application of one of the operations described above, generate a child table by inheritance from the method specific template table.
This newly generated table, which can be seen as an instance of the templates, is then unambiguously referenced by a catalog table entry that stores additional parameters (e.g. generating method, parameterizations of the method, etc.). The core of Genlight, i.e. the server and client components, is written in the C programming language and accesses the PostgreSQL ORDBMS through a database abstraction layer. This allows an easy adaptation to other database management systems. The web based user interface is written in the server sided scripting language PHP and makes use of the GD graphics library for dynamic data visualization. Calculated results are presented in graphical as well as in textual/tabular form (see Figure 3 and 4) . Genlight was developed and intensively tested on the Solaris operating system (Sun Inc.) as well as on Irix (SGI Inc.) and Linux. It should be easily portable to other UNIX systems. 
Integrated sequence analysis methods and databases
Genlight can handle nucleotide and protein sequences. Almost all algorithms of the BLAST and FASTA family [16] [17] [18] [19] as well as the traditional Smith-Waterman [20] algorithm are integrated (see Table 2 ). For the discovery of conserved sequence motifs, the following motif databases are integrated: Pfam [21] , Tigrfam [22] , Conserved Domain Database [23] and SMART [24] with their specific search routines hmmpfam [25] and rps-blast (reverse posi-tion specific blast). For the functional/structural classification of sequences the COG [26] , KOG [27] and SCOP [28] databases are integrated. Moreover, Gene Ontologies (GOs) can be assigned by the system, inferred from the respective assignment of the integrated databases mentioned above. In addition, all sequence databases of any size, which are available in Fasta, Genbank or SwissProt format (e.g. Genbank, Swissprot or PIR) can be imported. These databases are handled as normal seq-sets and can be made available as a system-wide resource by the Genlight administrator. Analysis-specific pre-formatting of seq-sets is automatically done by the system. This modular architecture of the system and the flexible data model allows the straightforward integration of new analysis methods. asynchronously. Therefore, the Genlight server component contains a queuing mechanism for all analysis tasks. To process queued entries, the system has its own scheduling component, which allows a parallel, distributed execution of comparison jobs and can form a virtual cluster system of regular workstations for high throughput analysis tasks. The two major strengths of this approach are the complete integration into one system and a high robustness of the system, achieved by methods to insure data integrity during distributed execution. Compute nodes can be added to the virtual cluster and deleted from the virtual cluster at any time, by starting or stopping the Genlight client component on a workstation. The virtual cluster is completely manageable from the web based user interface. Due to the flexibility of the virtual cluster it is possible to temporarily exclude departmental workstations during working hours, while using idle compute-power during the night. This approach scales very well. The overall running time is nearly inversely proportional to the number of CPUs used (see Figure 5 ). The system design allows comparisons of complete genomes or proteomes and of large public databases in relative short times. Even CPU intensive tasks like Hidden Markov Model based approaches are processed in reasonable running times (see Table 3 ).
Application -Identification of potential drug targets in Helicobacter pylori
Helicobacter is a spiral shaped bacterium living in the stomach and duodenum of humans and in other mammalians [29] . Uncontrolled H. pylori infections are a major factor for duodenal ulcers, gastric ulcers, stomach cancer, and non-ulcer dyspepsia [30] . The sequencing of the H. pylori genome (strains H. pylori 26695 and H. pylori J99) offers the chance to develop highly specific treatments against H. pylori infections [31, 32] . With the idea of minimizing toxicological effects, a perfect target protein should have low similarity to eukaryotic proteins. The strategy of this study was therefore to find all H. pylori proteins with low similarity to eukaryotes.
The H. pylori J99 proteome (1,487 protein sequences) as published on the EBI-server (http://www.ebi.ac.uk/proteome/index.html) was compared to eukaryotic proteome sets (see Table 4 ) using the system-integrated BLASTP [17] method. All proteomes were obtained from the EBI-server in March 2004. To extract the sequences of H. pylori proteins having no homologues in any of the considered eukaryotic proteomes, an extraction filter for BLAST hit-sets was applied to the resulting hit-sets. For a stringent operation, the filter cutoff for the bit-score was set to bit score ≥ 30 (scoring matrix: BLOSUM62), and the minimum coverage rate, i.e. the minimum sequence length covered by the matching pair, was set to zero. This setting results in the extraction of all sequences producing a hit in the eukaryotic sequence sets with a bit score < 30 regardless of a minimum overlap of both aligned sequences. The filter was used as negated filter because we were interested in H. pylori proteins with low similarity to eukaryotes. After this initial filtering step 226 H. pylori sequences remained. In a subsequent analysis step the remaining 226 protein sequences were screened for putative drug/vaccine targets using the system-integrated motif databases Pfam, Tigrfam, SMART and CDD. UreI, a well known putative drug target [33, 34] , which served as an internal control, was detected within this sequence set. UreI encodes an activated urea channel enabling urea access to intrabacterial urease at acidic pH. UreI is necessary for survival of H. pylori at pH < 4.0 [35] . Vital processes, like the process of cell division, are of special interest for drug development. Proteins involved in these processes are quite often fundamental and therefore are putative drug targets. In order to find such putative targets the remaining 226 protein sequences were screened for several protein families involved in the cell cycle process in bacteria (see Table 5 ). This search resulted in a potential target, the cell division protein FtsW (pfam01098). FtsW is a polytopic membrane protein that is required for cell division in E. coli [36, 37] and is present in virtually all bacteria having a peptidoglycan cell wall [38] [39] [40] . It is also discussed in the context of chemotherapeutic intervention of M. tuberculosis [41] . Surface proteins playing a role in pathogen-host interaction represent potential targets for vaccination [42] . To find such putative targets within the specific H. pylori proteins, the 226 protein sequences were analyzed for the appearance of surface exposed proteins using an hmmpfam screening versus the Pfam database (see Table 6 ). Thirteen potential outer membrane proteins were found in the screening (see Table 7 ). These proteins could serve as potential candidates for vaccination. As protein families PF02521 and PF01856 have been seeded with H. pylori sequences, their occurrence in the results seems to be clear. However, due to significant similarities to eukaryotic proteins some of the H. pylori proteins belonging to these families could have been dismissed in the initial filtering step. Indeed, only five out of seven proteins belonging to family PF02521 and only six out of thirty-six protein sequences belonging to family PF1856 passed the filtering process. 
Conclusion
Genlight is an extremely flexible system for comparative genomics. The underlying object relational database system together with the state of the art data representation allows to integrate various methods for the comparison of whole genomes or proteomes. In addition, the several different filters and operations which are predefined within the system, allow for a fast, easy, and user friendly post analysis of the generated results. The virtual cluster system guarantees reasonable running times even for the comparison of very large sequence-sets.
As shown, Genlight is well suited to tackle biological questions like the identification of organism-specific proteins, which could serve as potential target proteins in the drug discovery process. The integrated database lookup methods and the various data extraction and transformation methods, as well as the possibility to access the data even from applications outside Genlight, allow to characterize the identified nucleotide or protein sequences very rapidly. The high operation speed of Genlight, already confirmed by benchmarks listed in Table 3 , could again be verified with the H. pylori study. (The BLASTP jobs ran for 25 minutes on seven nodes of an SGI Origin 3200 (MIPS R12K, 400 MHz) machine and five SGI O2 (MIPS R12K, 300 MHz) machines.
In principle, the approach of differential genome comparison exhibits several limitations which necessitate a careful interpretation of the results. Some of these limitations, such as distant gene relationship or multiple domain proteins can be addressed via the experienced usage of the software. Others, such as differential gene expression or uncertainties arising from incomplete genomes can only be addressed in subsequent in-depth analyses. Genlight's facility for the integration of user defined filters and its integrated secondary databases (PFAM, TIGRFAM, SMART, CDD, KOG, COG, SCOP) can also support such in-depth analyses.
